Abstract: Cu di¬usion along clean Si(111), (110) and (100) surfaces are investigated by Auger electron spectroscopy and low energy electron di¬raction. The e¬ective di¬usion coe¯cients of copper are measured in the temperature range from 500 to 650 o C. It is shown that the Cu transport along silicon surface occurs by the di¬usion of Cu atoms through Si bulk and the segregation of Cu atoms to the surface during the di¬usion process. It is found that the segregation coe¯cients of Cu to silicon surface during the di¬usion process depend on surface orientation.
Introduction
Studies of surface di®usion are important for the fundamental understanding of surface phenomena as well as in technological applications. It is known that surface di®usion depends on surface orientation, its structure, the density of steps, the type and concentration of adsorbed atoms, external¯elds, etc. Even though there has not been a great deal of experimental investigation of surface di®usion, existing data attest to a great diversity of physical processes involved in the transport of atoms along a crystal surface. For instance, the surface di®usion coe±cient of gold on silicon depends on the surface structure as it was shown by low energy electron di®raction (LEED) and Auger electron spectroscopy (AES) [1] . Ni transport along silicon surface occurs not by surface di®usion but by the di®usion of Ni atoms through Si bulk and the segregation of Ni atoms to the surface at a sample cooling is due to decrease of nickel solubility in silicon bulk at a sample cooling [2] . The di®usion of Co along silicon surface occurs via similar mechanism [3, 4] .
The investigation of Cu di®usion along clean silicon surfaces is of great interest since copper is being widely used as a material for production of conductors in microchips. The most part of accumulated data concerning Cu/Si system is about Cu induced surface structures on silicon [5] { [14] . It was found that Cu induces formation of incommensurate quasi-5 £ 5 surface structure (\5 £ 5"-Cu) on Si(111) surface after annealing in the temperature range of 300-600 o C [5] . Adsorption of Cu on clean Si(110) surface induces various surface structures, namely 2 £ 1, 4 £ 5, 4 £ 3, 6 £ 6 [13] , whereas Cu adsorption on Si(100) surface induces mixtures of the structures 2 £ 2 + 6 £ 2, 2 £ 2 + 6 £ 5 and 2 £ 2 + 10 £ 5 with increase of Cu concentration [14] . If the amount of Cu exceeds the saturation coverage of certain surface structure, then the excess of Cu atoms form Cu 3 Si islands. The results of the study of Cu di®usion along clean Si (111) and (110) surfaces by LEED and AES are described in Ref. [15] . In the present paper we present the experimental data on Cu di®usion along clean Si(100) surface. We compare the experimental results on Cu di®usion along Si(111), (110) and (100) surfaces and the peculiarities of the mechanism of Cu di®usion on singular surfaces with di®erent orientation.
Experimental
The experiments were performed with silicon samples of (111), (110) and (100) orientations of p-type with resistivities between 5 and 10 Ohm¢ cm and the dimensions of 22 £ 5 £ 0:3 mm 3 . Clean surfaces were prepared by degassing the samples at 600 o C at the pressure of (1 ¡ 2) £ 10 ¡10 Torr followed by a short°ash at 1250 o C. The samples were heated by alternating current. The temperature T of a sample was controlled by an optical disappearing-¯lament pyrometer. A copper strip with a sharp boundary deposited on a clean silicon surface was used as a source of Cu atoms (Fig. 1) . The thickness of the strip was about 40 monolayers (ML). The concentration C 0 at x = 0 remained constant during the experiments at¯xed temperatures. This con¯rmed that we dealt with a source of constant strength.
We used the pieces of Cu welded to The Ta ribbon as the sputtering source. The concentration of impurities in Cu was less than 0.001%. A Ta ribbon was heated by electrical current. The thickness of a Cu strip was de¯ned by the rate of Cu°ux and the deposition time. In order to calibrate a Cu sputtering source we compared our AES data with those measured by both AES and a quartz microbalance in Refs. [9, 13, 14] .
Cu concentration in atomic % was measured by AES using Auger Cu LMM (920 eV) and Si (92 eV) electron peaks. Sensitivity factors were taken from Ref. [16] . At low coverage we used a model of uniformly distributed Cu submonolayer on a Si substrate.
After annealing of the samples at the temperatures above 500 o C the Si(111), (110) and (100) area of the surface covered by Cu strip exhibited LEED patterns of the "5 £ 5"-Cu, 4 £ 3-Cu and 2 £ 1 surface structures respectively because of the formation of Cu 3 Si islands during a sample annealing. The threshold sensitivity of Auger spectrometer (ASC-2000, Riber) was less than 1 atomic %. The diameter of the primary electron beam in Auger spectrometer was about 30 · m and that in the LEED system was about 0.8 mm.
Results
The Si(111)-7 £ 7, Si(110)-
and Si(100)-2 £ 1 structures of clean surfaces formed at the surfaces after cleaning procedure. The studies of the surface transport of Cu were carried out in the temperature range of 500-650 o C. Studies at the temperatures below 500 o C were not performed because at these temperatures long annealings were required to obtain the di®usion pro¯les that could be resolved by AES. Evaporation of copper from the silicon surface became appreciable at temperatures higher than 650 o C. This could be determined from the disappearance of Cu-induced structures and a decrease of Cu Auger peaks from the strip. After annealing of a sample with deposited Cu strip at the temperature T during time t it was quenched to room temperature. Then the pro¯le of Cu concentrations C Cu (x) along silicon surface (x is the distance from the copper strip edge) was measured by AES and the surface structure was controlled by LEED. Auger peaks of Cu on silicon surface could be detected during sample annealing, i.e. during di®usion process, unlike in the case of Ni di®usion [2] . The Cu concentration measured at some point at the surface during sample annealing was the same as it was after quenching to room temperature.
As it is known, high solubility and di®usivity are inherent to copper in silicon bulk [17, 18] . In order to determine the contribution of bulk Cu di®usion to its transport along silicon surface the following experiments were carried out. A 0.2-mm-wide Cu strip with a thickness of a few monolayers was deposited onto the Si(110) sample axial line parallel to its long side. Then the sample was annealed at 600 o C for one hour. The annealing time was chosen so that the boundaries of a pro¯le of Cu concentrations did not reach the edges of a sample. Thereafter, we measured the concentration distributions C Cu (y) on the face and back sides of a sample by AES. Here y is the distance at the normal from the sample axial line. The measured concentration distributions in arbitrary (arb.) units are plotted in Fig. 2 . The lengths of the pro¯les of Cu concentrations and their shapes are pretty much the same on both sides of the sample. A similar result was obtained on Si(111) sample. Since copper could not emerge at the rear side via di®usion over the surface under the chosen experimental conditions, this result means that Cu transport along Si surface proceeds by di®usion through the bulk. Presence of Cu atoms on silicon surface at elevated temperatures is an evidence of Cu segregation to silicon surface during annealing of a sample. A similar mechanism, including di®usion through the silicon bulk and trapping of di®using atoms at the surface during di®usion, is characteristic of Ni transport along silicon surfaces with submonolayer coverage of adsorbed Co or Fe atoms [19] { [22] . Thus, the process of Cu transport along silicon surface may be represented as follows. Heating of a sample causes dissolution of copper from Cu strip into silicon bulk. Then the Cu atoms di®use in silicon bulk through interstitial sites and segregate onto the surface.
To estimate the Cu di®usion coe±cients D along silicon surface we used the expression D = l 2 =2t. Here, l is the distance between the boundary of a copper strip where the concentration is C 0 and the point on the surface where the Cu concentration is e times smaller. In fact, a measured value D is an e®ective di®usion coe±cient. It may depend on the thickness of the sample. Activation energy of Cu di®usion along silicon surface is the sum of the activation energies of all elementary processes involved. The di®usion coe±cients D of Cu in silicon bulk and the calculated coe±cients at Si(111) and (110) surfaces are plotted in Fig. 3 as a function of temperature. The typical Cu concentration distributions C Cu (x) measured on Si(111), (110) and (100) surfaces are shown in Fig. 4 . The C Cu (x) distribution on (111) surface has a sharp border. Fig. 4(a) shows the C Cu (x) distribution measured after sample annealing at We did not observe the 6 £ 6-Cu surface structure mentioned in Ref. [13] . The temperature dependence of the e®ective di®usion coe±cient of copper along Si(110) surface can be expressed as D Cu=Si(110) = 1:56 £ 10 2 exp(¡ 1:42 eV =kT ) cm 2 /s. The transport of copper along Si(100) surface could only be observed after annealing of a sample at temperatures above 550C. Fig. 4(c) shows the concentration distribution C Cu (x) measured after a sample annealing at 600 o C for 21 hours. We could not establish the dependence of Cu di®usion coe±cients along Si(100) surface versus temperature because the measured concentrations of Cu on this surface were too small. Within a concentration distribution of Cu the surface had the 2 £ 1 surface structure at room and elevated temperatures, which is the structure of clean Si(100) surface. We did not observe the surface structures 6 £ 2, 6 £ 5 and 10 £ 5 each of them mixed with 2 £ 2 structure as it was reported in Ref. [14] . Estimation of the Cu e®ective di®usion coe±cient on the Si(100) surface at 600 o C gives the value of 8 £ 10
It is known that the dependence of the bulk di®usion coe±cient of Cu in silicon on temperature is D Cu = 3:0 £ 10 ¡4 exp(¡ 0:18 eV =kT ) cm 2 /s [18] . At 600 o C this coe±cient is 3 £ 10 ¡5 cm 2 /s. Thus the measured e®ective di®usion coe±cients of Cu along silicon surfaces are lesser than those in silicon bulk. We suggest that this is due to the segregation of Cu atoms to silicon surface during sample annealing. The copper segregation increases the gradient of Cu concentration in silicon bulk and shrinks the length of the pro¯le of Cu concentrations relative to that in the absence of Cu segregation. Therefore the resulting e®ective di®usion coe±cient is smaller than the bulk one. Fig. 4 shows that the measured distributions C Cu (x) on Si(111), (110) and (100) surfaces di®er from each other in their shapes and the concentration values. One should take note of the fact that an Auger signal of Cu doesn't correspond to the real Cu concentration if the Cu atoms form 3-dimensional islands on Si surface. Therefore we explored the areas of Si(100), Si(110) and Si(111) surfaces within the bounds of Cu concentration distributions by scanning electron microscopy (SEM). The lateral resolution of SEM system was about 50 nm. We found no Cu 3 Si islands on these areas. Hence, the diffused Cu atoms are distributed rather uniformly over Si surface, and the di®erence in Cu concentrations on di®erently oriented surfaces should be related to the di®erence in the segregation processes to these surfaces. From the shape of the C Cu (x) pro¯le on Si(111) surface we have concluded that Cu atoms segregate to this surface until the \5 £ 5"-Cu surface structure is formed. The segregation of Cu stops after the coverage reaches the value of about 68 atomic %. This fact explains the plateau in the Cu concentration distributions C Cu (x) on Si(111). Several surface structures form on Si(110) plane within the bounds of a Cu concentration distribution as a function of Cu concentration (Fig. 4(b) ). From the shape of the C Cu (x) distribution we have concluded that the segregation of Cu to the Si(110) surface does not depend on the Cu induced surface structure or the dependence is weak.
It follows from our experimental data that the coe±cient of Cu segregation to the Si(111) surface is the largest one, and that to the Si(100) surface is the smallest one. According to Refs. [13, 14] , at quenching to room temperature the coe±cient of Cu segregation to the Si(100) surface is greater than that to the Si(110) surface. This difference in the experimental results could be attributed to di®erence in the segregation mechanisms of Cu during sample annealing (our experiments) and at quenching to room temperature (as described in Refs. [13, 14] ). In the experiments described in Refs. [13, 14] Cu atoms segregate to Si surface at a sample quenching due to the decrease of Cu solubility in Si. In our experiments Cu atoms were trapping at Si surface during a sample annealing. The segregation coe±cient in this case depends on the density of traps for Cu atoms, which in turn may depend on the surface orientation.
Conclusion
The mechanism of Cu di®usion along clean Si(111), (110) and (100) surfaces has been studied by AES and LEED in the temperature range from 500 to (110) and (100) planes is attributed to the di®erence in the segregation process on these surfaces. In the temperature range from 500 to 650 o C the coe±cient of Cu segregation to the Si(111) surface is the largest one and that to the Si(100) surface is the smallest one. 
